Repetitive mechanical load applied to a body part may lead to hypertrophy of its muscles. If a movement requires asymmetric activation of bilateral muscles, this may result in differences in muscle size between the sides. This study aimed to investigate the degree of bilateral differences in the trunk muscle volume of golfers by comparing with non-golfers. Seventeen male right-handed golfers and eleven (nine right-and two left-handed) non-golfers participated. Trunk muscle volume was determined using magnetic resonance imaging, and the degree of asymmetry was calculated as the ratio of trunk muscle volume on the left to trunk muscle volume on the right side in right-handers and vice-versa in left-handers. Golfers had significantly larger lateral abdominal wall (LA) muscle volume than non-golfers: 12.36 ± 1.12 vs. 9.96 ± 0.94 cm 3 /kg; erector spinae: 9.12 ± 1.16 vs. 7.88 ± 0.84 cm /kg (p < 0.05). The degree of bilateral asymmetry of the LA, PM, and RA volume was significantly greater in golfers than in non-golfers (LA: -8.63 ± 7.40% vs. 1.94 ± 2.76%; PM: -9.10 ± 5.25% vs. -0.48 ± 5.96%; RA: 6.36 ± 6.50% vs. -2.12 ± 9.64%, respectively, p < 0.05). Right-handed golfers had greater left LA and PM volume compared to the right (LA: 5.89 ± 0.55 vs. 6.48 ± 0.65 cm 3 /kg; PM: 3.00 ± 0.42 vs. 3.27 ± 0.47 cm 3 /kg; p < 0.05) and had greater right RA volume compared to the left (2.15 ± 0.32 vs. 2.00 ± 0.24 cm 3 /kg, p < 0.05). These findings suggest that skilled, long-term golfers develop large volume and bilateral asymmetry of their trunk muscles.
Introduction
Athletes commonly possess greater muscle volume in specific body parts compared to nonathletes. One of the most common reasons for this is a repetitive mechanical load that is typical for the respective sport and therefore applied to these body parts over a prolonged period of time. Such adaptation could lead to the bilateral differences in trunk muscle size observed in skilled players of sports which require asymmetric trunk motion such as tennis, baseball, and cricket [1] [2] [3] . Previous studies have shown that professional tennis players have a 30% larger lateral abdominal wall muscle volume (LA; includes the external and internal abdominal oblique, and the transverse abdominal [1] ), and a 58% larger rectus abdominis (RA) muscle volume than non-active people [4] . In both trunk muscles, the hypertrophy was asymmetric (18% and 35% higher volume on non-dominant side compared to dominant side LA and RA, respectively) [1, 4] . Golf is one sport that requires asymmetric trunk movement. In right-handed golfers, kinematic studies of their swing show that the trunk rotates to the left and laterally flexes to the right side while remaining in forward flexion during the downswing [5, 6] . Electromyography (EMG) studies show that the LA and RA muscles on both sides are activated separately and asymmetrically during the golf swing [7, 8] and that larger trunk rotation is associated with greater activation of the abdominal muscles [9] . The major role of the LA is to rotate the trunk [10] . Rotating the trunk to one side activates the ipsilateral internal abdominal oblique and contralateral external abdominal oblique. The major role of the RA is trunk forward flexion and also lateral flexion to the side of the actively contracting RA [10] . These results suggest that frequent golf swing practice may cause asymmetric hypertrophy of the LA and RA muscles, and skilled long-term golfers would have greater degree of bilateral difference in trunk muscles compared to non-active people who have never played the golf as well as the results of previous studies of professional tennis players [1, 4] . However, these have so far not been investigated.
The purpose of this study was to investigate the degree of bilateral differences in the trunk muscles of skilled, long-term golfers by comparing with a matched non-active subject group. It was hypothesized that the long-term practice of golf causes asymmetric hypertrophy of the trunk muscles because the golf swing exerts an asymmetric mechanical load on the trunk muscles.
Materials and methods

Subjects
Seventeen male right-handed golfers and eleven male non-golfers (nine right-handed and two left-handed) agreed to participate in this study (Table 1) and were assigned to two groups, golfers and non-golfers, respectively. There were no significant differences in the physical characteristics between the two groups (p > 0.05). The golfers had at least 10 years of experience in golf practice (12.4 ± 2.8 years), and they performed the game at a relatively high level (best score, 65.5 ± 1.8 strokes/round; average score during the last month, 74.5 ± 2.2 strokes/round). All non-golfers had never played the game and had not been involved in regular physical exercise for the last six months before the measurements. The study was approved by the Ethics Committee of Ritsumeikan University (BKC-IRB-2013-015), and written informed consent was obtained from each participant, confirming that they understood the purpose of the study and the possible risks of participating.
Data collection
Magnetic resonance (MR) images of the trunk were obtained with a 1.5 tesla magnetic resonance system (Signa HDxt 1.5T; GE Healthcare UK Ltd, Buckinghamshire, England) while the subjects lay in the supine position. Serial transverse MR images (repetition time, 6700 ms; echo time, 7.2 ms; slice thickness, 10 mm; inter-spaced distance, 0 mm; field of view, 480 × 480 mm; matrix size, 512 × 512) were obtained perpendicular to the anterior abdominal wall from the first lumbar to the first sacral vertebra.
Data analysis
MR images were used to determine the volume of both the left and right trunk muscles (Fig 1) . The cross-sectional areas of the trunk muscles, i.e. the RA, LA, psoas major (PM), quadratus lumborum (QL), erector spinae (ES) and multifidus (MF), were manually determined using an image analysis software (SliceOmatic 5.0 Rev-4b2, Tomovision, Magog, Canada), and the areas of all slices were added to estimate the muscle volume of each trunk muscle. Manual segmentation of each trunk muscle was performed by a well-trained examiner. Intra-rater repeatability of manual segmentation was assessed with the use of intraclass correlations (ICCs), and the ICC (1, 2) coefficient was calculated (r = 0.98). All trunk muscle volumes were normalized for the body mass of the subject. We defined the "dominant side" of trunk muscle volume as the side of the dominant hand in both golfers and non-golfers and the non-dominant side as 
Statistics
All results were presented as mean ± standard deviation. All trunk muscle volumes of the dominant and non-dominant side were confirmed as being normally distributed in both groups. In the comparison of muscle volumes, a two-way ANOVA adjusted for multiple comparisons using the Bonferroni method was used to examine the effect of both the group (golfer vs. nongolfer) and body side (dominant vs. non-dominant) of each trunk muscle. For the comparison of the total muscle volume between the dominant and non-dominant side and the asymmetry ratio between the two groups, an independent t-test was used. All statistical analysis was performed with the IBM Statistical Package for the Social Sciences Statistics for Windows, version 19 (IBM Corp., Armonk, N.Y., USA). The probability level for statistical significance was set at 0.05.
Results
The trunk muscle volume of golfers was significantly larger than that of non-golfers (LA; 12.36 ± 1.12 vs. 9.96 ± 0.94 cm the asymmetry ratio for each trunk muscle in golfers and non-golfers. In the golfers, the muscle volume was significantly larger on the non-dominant side than on the dominant side for the LA, ES, and PM, while the muscle volume on the dominant side was significantly larger than on the non-dominant side for the RA and MF. In non-golfers, there was a significant difference between muscle volumes on the dominant and non-dominant side for the LA and MF. The value of the asymmetry ratio of the LA and PM in the golfers was significantly smaller than the value in the non-golfers while the value of the asymmetry ratio of the RA in the golfers was significantly larger than the value in the non-golfers. There was no significant difference in the value of the asymmetric ratio of the ES, MF and QL between golfers and non-golfers. 
Discussion
The present study is the first to show the total trunk muscle volume for both the right and left body side and the bilateral differences in these volumes in skilled golfers. The golfers in this study, who performed the game at a relatively high level and had been playing for more than ten years, had a larger trunk muscle volume, except for the QL, than non-golfers, while basic physical characteristics did not differ between the two groups. The primary results of this study were that the golfers had bilateral differences in their trunk muscle volumes (LA, ES, PM, RA, and MF) compared to non-golfers. In particular, the degree of the bilateral difference in the volume of the LA, PM, and RA in the golfers was significantly larger than that of the non-golfers. The golfers had a greater LA and PM volume on the non-dominant compared to the dominant side (meaning the side of their dominant hand), and greater RA volume on the dominant compared to the non-dominant side. The findings of this study confirm our original hypothesis that long-term golf play leads to golf-specific trunk muscle hypertrophy.
Our finding that the RA is bilaterally hypertrophied in golfers is interesting. Previous studies have shown that bilateral asymmetry of trunk muscles occurs in athletes who require trunk rotation in one direction [1, 4, 11] . Tennis players had a 58% larger RA volume compared to non-active people, and RA volume was 35% larger on the non-dominant compared to the dominant side where they hold the racket [1, 4] . This is because trunk lateral flexion to the non-dominant side is affected by the RA of the non-dominant side, which also carries the mechanical load, in tennis players during their serve. From an anatomical standpoint, this appears illogical, since the major role of the RA is forward flexion of the trunk, but an additional role of the RA is lateral flexion of the trunk to the side where it contracts [10] . Righthanded golfers laterally flex their trunk to the dominant (right) side during the downswing [5, 6, 12] . EMG studies support this explanation, since asymmetric activation of the RA muscles was observed during the downswing [7, 8] , meaning the RA muscle on the dominant side was activated to a greater extent than the RA on the non-dominant side. Therefore, frequent golf practice could lead to a hypertrophied RA muscle on the dominant (right), but not the nondominant (left) side, in right-handed golfers. In this study, the LA showed a large total muscle volume and bilateral differences in golfers. Previous studies demonstrated that tennis players had 30% larger LA volumes compared to non-active people, and the LA had an 18% larger volume on the non-dominant compared to the dominant side [4] . A larger LA on the left side in golfers is most likely associated with trunk motion during a right-handed golf swing. Right-handed golfers rotate their trunk to the left side during the downswing [5, 6, 12] . The major role of the internal oblique is to rotate the trunk to the ipsilateral side. The LA muscles on both sides are activated separately and asymmetrically during the downswing [7, 8] . Thus, the golf swing generates asymmetric activation and, in the long term, hypertrophy of the LA on the non-dominant side. Moreover, in this study, hypertrophy in the LA exceeded the hypertrophy of all other trunk muscles in golfers. The asymmetry ratio of the LA was the second largest of the six examined trunk muscles. In recent studies of baseball players, bilateral asymmetry was observed in the LA muscles, and muscle thickness was positively correlated with bat swing speed [2] . Considering the points above, asymmetric LA hypertrophy might be essential for improving the speed of trunk rotation. However, in order to discuss a potential mechanism for improving the speed of the golf swing, further studies are required to elucidate the effect of asymmetric trunk muscle hypertrophy on club head speed.
In addition, the volume and asymmetry ratio of the PM of golfers was significantly different to that of non-golfers, and the PM on the non-dominant side was significantly larger than that of the dominant side. The major role of the PM is hip flexion, meaning that the PM is one of the major contributors to ipsilateral hip flexion [10] . The PM of elite Australian football players shows bilateral asymmetry of about 3.5% larger cross sectional area on the side of the dominant kicking leg, due to repetitive kicking throughout the season using mainly the same leg [13, 14] . A previous study in right-handed golfers indicated that left hip joint torques were generated in the direction of flexion during the downswing [15] . These results show that the PM on the non-dominant side may be used for rotating the trunk to the non-dominant side during the downswing. In tennis players, the iliacus and psoas muscles, which support similar movements as the PM, show bilateral asymmetry with a 13% greater volume on the non-dominant side [11] . Therefore, recurrent right-handed golf swing practice causes asymmetrical hypertrophy of the left PM, because left hip flexion during the downswing causes a mechanical load on the left PM in right-handed golfers. However, to draw definite conclusions, EMG studies are required to investigate PM activation during the golf swing.
Previous studies analyzed the cross sectional area and volume of several trunk muscles in elite athletes across different sports [1-4, 11, 14, 16-18] . The present study for the first time investigated total muscle volume and bilateral muscle asymmetry in skilled golfers' trunk muscles. These bilateral differences in trunk muscle size were also observed in players of other sports that require asymmetric trunk motion, such as during throwing and hitting [1-4, 11, 14] . Therefore, we can compare the data of this study with a few studies that determined trunk muscle size and bilateral asymmetry in other asymmetrical sports. It would be beneficial for elite athletes to understand the characteristics and similarities of trunk muscle hypertrophy in asymmetrical sports.
Conclusions
The results of this study demonstrate that skilled long-term golfers develop large volumes and bilateral asymmetry of their trunk muscles. The LA and PM on the non-dominant side and the RA on the dominant side are required to swing golf clubs, and this results in the volume of these muscles becoming significantly larger than that in non-golfers.
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